Introduction {#s1}
============

Human mesenchymal stem cells (hMSCs) are adult multipotent stem cells that can be isolated from several tissues including bone marrow and adipose tissue. Initially, they were identified as fibroblast precursors that are present in the bone marrow [@pone.0077077-Friedenstein1], [@pone.0077077-Friedenstein2] and subsequently their mesodermal differentiation potential into osteoblasts, chondrocytes and adipocytes was demonstrated [@pone.0077077-Islam1]. Cell-based regenerative therapies using hMSCs are emerging as promising therapeutic approaches in a variety of vascular illnesses such as myocardial infarction [@pone.0077077-Toma1], [@pone.0077077-Amado1], [@pone.0077077-Valina1] and ischemic cardiomyopathy [@pone.0077077-Silva1]. Knowledge of the specific mechanisms that regulate the survival and the differentiation of hMSCs is critical to develop feasible clinical therapies.

Mitochondria generate ATP through oxidative phosphorylation and also release multiple signaling molecules, including reactive oxygen species (ROS) and calcium [@pone.0077077-Zhang1], [@pone.0077077-McBride1], [@pone.0077077-Carriere1]. Recent studies have demonstrated the importance of mitochondrial metabolism in regulating stem cell biology. For example, embryonic stem cells increase their mitochondrial activity during differentiation [@pone.0077077-Varum1] and the resulting increase in oxidative phosphorylation can impact the differentiation, as cells treated with a mitochondrial uncoupler during differentiation continued to form teratomas [@pone.0077077-Mandal1]. In MSCs, a marked increase in mitochondrial mass and oxygen consumption was observed upon osteogenic differentiation, which is associated with the upregulation of the mitochondrial biogenesis regulator Peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α) and anti-oxidant enzymes such as catalase and superoxide dismutase 2 (SOD2) [@pone.0077077-Chen1]. Similarly, an increase in the abundance of mitochondrial oxidative phosphorylation supercomplexes during adipogenic differentiation of MSCs has been described [@pone.0077077-Hofmann1]. Moreover, mitochondrial transfer from MSCs can increase alveolar epithelial cell survival after lipopolysaccharide challenge [@pone.0077077-Islam1] and fusion between MSCs and cardiomyocytes leads to the development of cells with a cardiac progenitor phenotype, which is dependent on the transfer of functional MSC mitochondria [@pone.0077077-Acquistapace1]. These studies indicate that mitochondria play an important regulatory role in determining the therapeutic efficacy and differentiation capacity of MSCs.

In our study, we investigated mitochondrial biogenesis and activity during adipogenic differentiation of hMSCs, and we also studied whether mitochondrial function could impact the adipogenic differentiation of hMSCs.

Materials and Methods {#s2}
=====================

Cell Culture {#s2a}
------------

Human mesenchymal stem cells (hMSCs) were obtained from the Tulane Center for Gene Therapy (Tulane University, New Orleans, LA) and cultured in hMSC growth medium (16.5% FBS in α-MEM supplemented with 2 mM L-glutamine) or adipogenic differentiation medium as described previously [@pone.0077077-Sekiya1]. Basically, 500 µM Isobutylmethylxanthine (IBMX), 1 µM Dexamethasone, 50 µM Indomethacin and 5 µg/ml Insulin (all from Sigma Aldrich, St Louis, MO) were added to hMSC growth medium to induce adipogenic differentiation.

Oil Red O Staining {#s2b}
------------------

hMSCs were cultured in adipogenic differentiation medium for 7 days or 21 days. To confirm adipogenic differentiation, cells were fixed in buffered formalin for 1 hour at room temperature, followed by 20 minutes in 0.3% Oil Red O staining solution (Sigma Aldrich, St Louis, MO).

Mitochondrial Staining {#s2c}
----------------------

Mitochondria were stained with 100 nM MitoTracker Green FM (Invitrogen, Carlsbad, CA) for 20 minutes at 37°C in the dark. Cells were then washed and imaged immediately using a Zeiss LSM 510 META confocal microscope. For visualization of mitochondrial membrane polarization, cells were stained with 1 µg/ml JC-1 (5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolyl-carbocynanine iodide; Invitrogen, Carlsbad, CA) for 20 minutes at 37°C in the dark. Cells were then imaged using a Zeiss LSM 510 META confocal microscope.

O~2~ Consumption Measurements {#s2d}
-----------------------------

For oxygen consumption measurements in adherent cells, both the differentiated and undifferentiated hMSCs were seeded at 100,000 cells per well overnight. The oxygen consumption rate (OCR) and the extracellular acidification rate (ECAR) of adherent cells were measured at 37°C using a Seahorse XF24 Extracellular Flux Analyzer (Seahorse Bioscience, Billerica, MA, USA) as described previously [@pone.0077077-Ferrick1], [@pone.0077077-Marsboom1]. The uncoupler FCCP (Carbonyl cyanide 4-trifluoromethoxy phenylhydrazone; Sigma Aldrich, St Louis, MO) was used to measure maximal oxygen consumption rates.

RNA Extraction and Real-time RT-PCR {#s2e}
-----------------------------------

Total RNA was extracted with the PureLink RNA Micro Kit (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. The mRNA level of each gene was analyzed with real-time RT-PCR. Briefly, cDNA was synthesized from total RNA using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Carlsbad, CA) and real-time RT-PCR was carried out on an Applied Biosystems 7900HT instrument. Primer sequences are available in [Table S1](#pone.0077077.s003){ref-type="supplementary-material"}.

Flow Cytometry {#s2f}
--------------

Cells were stained with 500 nM MitoTracker Green FM (Invitrogen, Carlsbad, CA) for 30 minutes at 37°C in the dark, then washed and detached by trypsin and resuspended in staining buffer (BD Biosciences, San Jose, CA). The intensity of fluorescence was measured and analyzed on a FACSCalibur (BD Biosciences, San Jose, CA).

ATP Assay {#s2g}
---------

Cells were detached, counted and Adenosine 5′-triphosphate (ATP) levels were determined with a bioluminescent somatic cell assay kit (Sigma Aldrich, St Louis, MO) according to the manufacturer's instructions.

Mitochondrial Redox-sensitive GFP {#s2h}
---------------------------------

A redox-sensitive GFP construct (roGFP2) targeted to the mitochondria (a kind gift of Dr. Remington, University of Oregon) [@pone.0077077-Dooley1] was transfected into hMSCs using Fugene HD transfection reagent (Roche, Indianapolis, IN). By using different excitation wavelengths (400 and 490 nm) and measuring emission at 535 nm, the redox status of cells was assessed (the higher the 400/490 nm ratio, the more oxidized the hMSCs). Images were acquired on a Zeiss AxioObserver Z1 microscope. Cells were perfused at room temperature with Krebs-Henseleit buffer solution at 21% O~2~ and 5% CO~2~.

Immunofluorescence Staining {#s2i}
---------------------------

Cells were washed three times with PBS, fixed with 4% paraformaldehyde for 10 minutes at room temperature, and permeabilized with 0.2% Tween 20 in PBS for 10 minutes at room temperature. Cells were then washed in PBS, blocked in blocking buffer (DAKO, Carpinteria, CA) for 1 hour at room temperature, and subsequently incubated in a humidified chamber overnight at 4°C with monoclonal antibodies against TFAM (1∶50 dilution; Santa Cruz Biotechnology, Santa Cruz, CA), PDH subunit E1 alpha (1∶200 dilution; MitoSciences, Eugene, OR) or HIF-1alpha (1∶300 dilution; Novus Biologicals LLC, Littleton, CO). After 3 washes with buffer containing 10 mM Tris (pH 7.5), 100 mM NaCl and 0.1% Tween-20 (TBST), cells were incubated with secondary antibody in antibody diluent for 2 hours at room temperature. After washing with TBST, coverslips were mounted on microscopy slides using SlowFade Gold anti-fade reagent with DAPI (Invitrogen, Carlsbad, CA) and imaged with a Zeiss LSM 510 META confocal microscope.

Immunoblotting {#s2j}
--------------

For immunoblot analysis, 20 µg whole-cell extracts from undifferentiated or 7-day adipogenic differentiated hMSCs were loaded onto a 4--15% Tris-HCl precast gel (BioRad, Hercules, CA). After electrophoresis, proteins were electro-blotted onto a nitrocellulose membrane (BioRad, Hercules, CA) and blocked with blocking buffer (Li-Cor, Lincoln, NE) for 1 hour at room temperature. The membranes were then probed with antibodies against TOM20 (1∶500, Santa Cruz Biotechnology, Santa Cruz, CA), SOD1 (1∶1000, Cell Signaling Technology, Danvers, MA), SOD2 (1∶1000, Santa Cruz Biotechnology, Santa Cruz, CA), Catalase (1∶1000, Cell Signaling Technology, Danvers, MA) and ß-actin (1∶10000, Abcam, Cambridge, MA) in blocking buffer overnight at 4°C. Fluorescently labeled secondary antibodies (1∶400, Invitrogen, Carlsbad, CA) were incubated for 2 hours at room temperature. After three washes with TBST for 10 minutes each, antibody binding was visualized with a BioRad Molecular imager FX Pro Plus (BioRad, Hercules, CA). Quantity One software was used for quantification of intensities.

Small Interfering RNA (siRNA) {#s2k}
-----------------------------

hMSCs were exposed to siTFAM (IDT, Coralville, Iowa) and scramble control. Three different siRNAs were tested and the siRNA with the most efficient siRNA was subsequently used during experiments.

Statistical Analysis {#s2l}
--------------------

Statistical analysis was performed using Graphpad Prism software. Inter-group differences between 2 groups were assessed by an unpaired Student's t-test while an ANOVA with post hoc analysis using Tukey's multiple comparison test was used for comparison amongst multiple groups. Data are presented as mean±SEM and p\<0.05 was considered to be statistically significant. In the figures, \*indicates p\<0.05, \*\*indicates p\<0.01 and \*\*\*indicates p\<0.001.

Results {#s3}
=======

Adipogenic Differentiation Enhances Mitochondrial Oxidation in hMSCs {#s3a}
--------------------------------------------------------------------

Human mesenchymal stem cells were cultured in adipogenic differentiation medium and showed robust Oil Red O staining after 21 days, indicated by the presence of lipid droplets and therefore the formation of adipocytes ([Figure 1A](#pone-0077077-g001){ref-type="fig"}). The increased mRNA expression levels after 7 and 21 days of adiponectin, a protein hormone made by adipose tissue, confirmed these results ([Figure 1B](#pone-0077077-g001){ref-type="fig"}). Mitochondrial oxygen consumption almost doubled after 7 days of differentiation compared to undifferentiated hMSCs ([Figure 1C](#pone-0077077-g001){ref-type="fig"}). Moreover, we assessed maximal oxygen consumption with the mitochondrial uncoupler FCCP. Upon adipogenic differentiation, hMSCs exhibited a higher FCCP response, suggesting that they not only acquire higher baseline oxygen consumption but that they also exhibit a higher maximal oxygen consumption reserve capacity ([Figure 1C](#pone-0077077-g001){ref-type="fig"}). Concomitantly, lactate production decreased in the differentiated cells ([Figure 1D](#pone-0077077-g001){ref-type="fig"}), suggesting that there is a switch from glycolysis in undifferentiated hMSCs to oxidative phosphorylation in hMSCs undergoing adipogenic differentiation. Interestingly, the cellular ATP content decreased over time upon adipogenic differentiation despite the higher levels of oxygen consumption ([Figure 1E](#pone-0077077-g001){ref-type="fig"}).

![Adipogenic differentiation enhances mitochondrial oxidation in hMSCs.\
**A)** Bone marrow-derived hMSCs underwent adipogenic differentiation using 500 nM Isobutylmethylxanthine, 1 µM Dexamethasone, 50 µM Indomethacin and 5 µg/ml Insulin. Oil Red O staining was used to confirm the adipogenic differentiation of hMSCs at day 21 (n = 4 and representative pictures are shown). **B)** Real-time RT-PCR confirmed the upregulation of the adipogenic differentiation marker adiponectin (n = 5 for each group). **C)** Oxygen consumption rate (OCR) increases gradually during adipogenic differentiation. Furthermore, the maximal OCR as elicited by treatment with the mitochondrial uncoupler FCCP (2 µM) is also increased during adipogenic differentiation (n≥5 for each group). **D)** Lactate production was decreased after adipogenic differentiation, indicating decreased glycolysis upon differentiation (n = 9 for each group). **E)** Cellular ATP content normalized to total cellular protein decreased gradually during 7 days of adipogenic differentiation (n = 5 for each group).](pone.0077077.g001){#pone-0077077-g001}

Mitochondrial Biogenesis Increases with Adipogenic Differentiation of hMSCs {#s3b}
---------------------------------------------------------------------------

Since a significant increase of oxygen consumption was seen upon differentiation, we next measured mitochondrial biogenesis during adipogenic differentiation. MitoTracker Green stains mitochondria regardless of mitochondrial membrane potential and thus is a good marker to estimate mitochondrial mass. We observed increased MitoTracker Green staining after 7 days of adipogenic differentiation ([Figure 2A](#pone-0077077-g002){ref-type="fig"}) and confirmed this by flow cytometry ([Figure 2B](#pone-0077077-g002){ref-type="fig"}). In addition, immunoblotting for the outer mitochondrial membrane protein TOM20 confirmed a strong increase after 21 days of differentiation ([Figure 2C](#pone-0077077-g002){ref-type="fig"}). Pyruvate dehydrogenase (PDH) regulates the conversion of pyruvate into acetyl-CoA and thus is important for supplying carbon atoms for the Krebs cycle and for regulation mitochondrial activity. PDH expression was increased in differentiated hMSCs ([Figure S1](#pone.0077077.s001){ref-type="supplementary-material"}).

![Mitochondrial biogenesis increased with adipogenic differentiation of hMSCs.\
**A)** Adipogenic differentiation was associated with a marked increase in mitochondrial mass, as demonstrated by increased MitoTracker Green staining. **B)** Flow cytometry measurement of MitoTracker Green staining confirmed the increase of mitochondrial mass as the mean fluorescence intensity is doubled after 7 days of adipogenic differentiation (n = 3 for each group). **C)** The protein levels of the mitochondrial outer membrane protein TOM20, a reliable marker of mitochondrial mass, showed a marked increase after adipogenic differentiation.](pone.0077077.g002){#pone-0077077-g002}

Mitochondrial Membrane Potential and Reactive Oxygen Species Change with hMSC Adipogenic Differentiation {#s3c}
--------------------------------------------------------------------------------------------------------

The potentiometric dye JC1 accumulates in the mitochondria. At low mitochondrial membrane potential (depolarized mitochondria), it is characterized by green fluorescence, while in the setting of higher mitochondrial membrane potential, JC1 forms aggregates that exhibit red fluorescence. Consequently, mitochondrial depolarization is indicated by a decrease in the red/green fluorescence intensity ratio. We compared JC1 staining in control hMSCs and cells after 7 and 21 days of adipogenic differentiation, and observed depolarization of mitochondrial membrane potential during differentiation ([Figure 3A](#pone-0077077-g003){ref-type="fig"}). Expression of the mitochondrial biogenesis regulator Peroxisome proliferator-activated receptor gamma coactivator 1 alpha (PGC-1α) and expression of the uncoupling proteins UCP1, UCP2 and UCP3 all increased during differentiation ([Figure 3B](#pone-0077077-g003){ref-type="fig"}). Since uncoupling proteins uncouple mitochondrial oxygen consumption from maintenance of a mitochondrial membrane potential, the increased levels of UCP gene expression could explain the low mitochondrial membrane potential despite the high levels of mitochondrial respiration ([Figure 1C](#pone-0077077-g001){ref-type="fig"}) in differentiated hMSCs.

![Mitochondrial membrane potential changed with hMSC adipogenic differentiation.\
**A)** JC-1 staining was used for the measurement of mitochondrial membrane potential. The ratio of red/green (and thus polarization) decreased with adipogenic differentiation. Note that not all cells were fully differentiated even after 21 days. Asterisks highlight the smaller, undifferentiated cells, while the arrow points at a larger and well-differentiated cell that contains multiple lipid droplets. Upon differentiation, mitochondrial depolarization (green color) was clearly present. **B)** Real-time RT-PCR data showed increased expression of PGC-1α and of the 3 uncoupling proteins (UCP1, 2, 3) following adipogenic differentiation (n = 5 for each group).](pone.0077077.g003){#pone-0077077-g003}

Next, we checked the mitochondrial redox status directly by using a redox-sensitive GFP construct targeted to the mitochondria [@pone.0077077-Dooley1], [@pone.0077077-Rehman1], and we found that mitochondria are slightly reduced after 7 days of adipogenic differentiation compared to undifferentiated control hMSCs ([Figure 4A--B](#pone-0077077-g004){ref-type="fig"}). As a control, we exposed cells to 100 µM H~2~O~2~ to induce maximal oxidation of the mitochondria and we confirmed an equal signal in both groups of cells ([Figure 4B](#pone-0077077-g004){ref-type="fig"}). We also evaluated the protein levels of important antioxidant enzymes since upregulation of antioxidant enzymes would explain the reduced state of differentiating hMSCs. Both catalase and mitochondrial superoxide dismutase 2 (SOD2) protein levels increased significantly upon adipogenic differentiation, whereas changes in superoxide dismutase 1 (SOD1) levels were less apparent upon differentiation ([Figure 4C](#pone-0077077-g004){ref-type="fig"}).

![Mitochondrial redox status changes with hMSCs adipogenic differentiation.\
**A)** Undifferentiated and 7 day adipogenic differentiated MSCs were transfected with a redox-sensitive GFP construct (roGFP) targeted to the mitochondria. By using different excitation wavelengths (400 and 490 nm) and measuring emission at 535 nm, the redox status of cells was assessed (a higher 400/490 ratio corresponds to a more oxidized mitochondrial matrix). Ratios are represented in the form of a heat map, with reduced mitochondria shown in blue and oxidized mitochondria in red. **B)** Quantification of the roGFP data. Mitochondrial redox state is reduced after adipogenic differentiation. As a positive control, cells were also treated with 100 µM H~2~O~2~ to induce a completely oxidized state. **C)** Immunoblotting indicates that catalase and mitochondrial superoxide dismutase (SOD2) protein levels increased during differentiation, while cytoplasmic superoxide dismutase (SOD1) levels were not significantly affected by differentiation (n = 3 for each group).](pone.0077077.g004){#pone-0077077-g004}

Inhibition of Mitochondrial Oxidation Prevents Adipogenic Differentiation of hMSCs {#s3d}
----------------------------------------------------------------------------------

To more specifically look at the importance of mitochondrial electron chain (ETC) activity during differentiation, we used rotenone, which specifically inhibits the transfer of electrons from iron-sulfur centers in complex I to ubiquinone [@pone.0077077-Barrientos1]. In hMSCs, 24 hours treatment with 100 nM rotenone decreased oxygen consumption at baseline and after treatment with oligomycin, FCCP and antimycin compared to DMSO treated control cells ([Figure 5A](#pone-0077077-g005){ref-type="fig"}). After 7 days of differentiation in the presence of rotenone, a decreased uptake of Oil Red O was observed ([Figure 5B](#pone-0077077-g005){ref-type="fig"}). The inhibitory effect of rotenone is further confirmed by decreased adiponectin mRNA expression ([Figure 5C](#pone-0077077-g005){ref-type="fig"}). While higher doses of rotenone induced cell death (data not shown), we confirmed that chronic treatment with 100 nM rotenone for 7 days did not result in ATP depletion, suggesting that the rotenone levels used were non-toxic ([Figure 5D](#pone-0077077-g005){ref-type="fig"}).

![Inhibition of mitochondrial oxidation prevents adipogenic differentiation of hMSCs.\
**A)** 100 nM rotenone decreased the baseline oxygen consumption rate (OCR) and maximal respiration capacity (induced by FCCP treatment) in hMSCs (n = 7 for each group). **B)** Oil Red O staining showed that chronic treatment with 100 nM Rotenone inhibited adipogenic differentiation with a significant decrease in the percentage of surface area stained with Oil Red O (n = 5 for DMSO control and n = 4 for 100 nM Rotenone treatment). **C)** Real-time RT-PCR data confirm the inhibition on hMSCs adipogenic differentiation by rotenone as adiponectin levels are significantly lower after rotenone treatment (n = 3 for each group). **D)** Importantly, chronic treatment with 100 nM rotenone for 7 days during adipogenic differentiation did not result in ATP depletion, thus suggesting that the concentration of rotenone used in our studies was not toxic (n = 3 for each group).](pone.0077077.g005){#pone-0077077-g005}

Hypoxia and TFAM Knockdown Inhibit Adipogenic Differentiation of hMSCs {#s3e}
----------------------------------------------------------------------

As a more physiologically relevant stimulus to inhibit mitochondrial activity, we studied whether 1% hypoxia would similarly reduce adipogenic differentiation. Immunocytochemistry showed nuclear accumulation of HIF1α, confirming that cells are exposed to hypoxia ([Figure S2A](#pone.0077077.s002){ref-type="supplementary-material"}). In line with the rotenone data, we observed reduced Oil Red O staining when hMSCs were exposed to hypoxia during differentiation ([Figure S2B](#pone.0077077.s002){ref-type="supplementary-material"}) and adiponectin mRNA levels were similarly reduced ([Figure S2C](#pone.0077077.s002){ref-type="supplementary-material"}).

Since hypoxia influences multiple pathways in the cell, we also used a specific genetic knockdown approach. Transcription factor A, mitochondrial (TFAM) is a crucial activator of mitochondrial transcription and genome duplication. We observed increased TFAM staining after 7 days of adipogenic differentiation ([Figure 6A](#pone-0077077-g006){ref-type="fig"}). Interestingly, when we suppressed TFAM expression with small interfering RNA ([Figure 6B](#pone-0077077-g006){ref-type="fig"}), hMSC adipogenic differentiation was inhibited as adiponectin mRNA levels were significantly lower ([Figure 6C](#pone-0077077-g006){ref-type="fig"}). To confirm the specificity of the knockdown, we observed that the expression of the TFAM-dependent mitochondrial gene MtND2 was significantly lowered but the expression of the TFAM-independent gene CytC was not changed ([Figure 6D](#pone-0077077-g006){ref-type="fig"}).

![TFAM knockdown inhibits adipogenic differentiation of hMSCs.\
**A)** Immunofluorescent staining for TFAM, the key regulator of mitochondrial transcription, showed that TFAM is upregulated in hMSCs undergoing adipogenic differentiation. **B)** High dose siTFAM can significantly lower TFAM expression levels (n = 4 for each group). **C)** Knockdown of TFAM inhibits the differentiation process as confirmed by lower adiponectin mRNA levels (n = 4 for each group). **D)** Lowering TFAM results in lower expression of the mitochondrial gene MtND2, while the nuclear gene cytochrome C (CytC) is not affected, confirming the specificity of siRNA treatment (n = 3 for each group).](pone.0077077.g006){#pone-0077077-g006}

Discussion {#s4}
==========

In our present study, we demonstrate that during human MSC adipogenic differentiation, mitochondrial biogenesis and cellular oxygen consumption were increased compared to undifferentiated control cells, while lactate production was decreased ([Figures 1](#pone-0077077-g001){ref-type="fig"}--[2](#pone-0077077-g002){ref-type="fig"}). This suggests a metabolic switch during hMSC differentiation which depends on increased mitochondrial activity. Interestingly, we observed mitochondrial membrane depolarization and increased UCP1, UCP2, and UCP3 mRNA expression levels in the differentiated cells ([Figure 3](#pone-0077077-g003){ref-type="fig"}). Mitochondrial uncoupling leads to mitochondrial membrane depolarization and results in oxygen consumption without generating ATP. UCP1 was first described to play a role in heat generation in mammalian brown fat [@pone.0077077-Bouillaud1] and the increase in UCP1 mRNA levels may thus indicate that a significant fraction of the newly differentiated adipocytes exhibit a brown-fat phenotype. Using a mitochondria-targeted redox-sensitive GFP construct, we further observed that differentiated hMSCs have a reduced cellular oxidation state, which possibly can be explained by the induction of catalase and superoxide dismutase 2 ([Figure 4](#pone-0077077-g004){ref-type="fig"}). To more directly assess the importance of mitochondria during differentiation, we used 3 complementary approaches. First, we differentiated MSCs in the presence of rotenone, a well-known mitochondrial complex I inhibitor, and showed that reducing mitochondrial electron transport activity inhibited adipogenic differentiation ([Figure 5](#pone-0077077-g005){ref-type="fig"}). Second, we used 1% hypoxia as a more physiological approach to inhibit mitochondrial activity and we found that hypoxia to a similar extent inhibits adipogenic differentiation ([Figure S2](#pone.0077077.s002){ref-type="supplementary-material"}). Third, to confirm the importance of mitochondria with greater specificity, we used siRNA-mediated knockdown of TFAM. We confirmed that knocking down TFAM specifically lowers mitochondrial gene expression and prevents adipogenic differentiation ([Figure 6](#pone-0077077-g006){ref-type="fig"}). Together, these data unequivocally demonstrate that mitochondrial respiration is a prerequisite for adipogenic differentiation to occur.

Mitochondrial biogenesis has been shown to be essential for adipogenic differentiation of the 3T3 mouse embryonic fibroblast cell line and proteomic analysis confirmed a specific upregulation of mitochondrial proteins and a switch towards oxidative metabolism upon differentiation [@pone.0077077-WilsonFritch1]. Moreover, adipogenic differentiation of hMSCs is also associated with an increase in electron transport complexes in the mitochondria [@pone.0077077-Hofmann1], [@pone.0077077-Tormos1]. However, to our knowledge, this is the first demonstration that three distinct approaches to suppress mitochondrial respiration - pharmacologic inhibition, hypoxic inhibition and targeted suppression of mitochondrial transcription - yield concordant results, showing that mitochondrial biogenesis is essential for adipogenic differentiation. Interestingly, a similar increase in mitochondrial biogenesis has been observed in spontaneously differentiating human embryonic stem cells [@pone.0077077-Cho1] and is necessary for efficient cardiac differentiation [@pone.0077077-Chung1]. Therefore, it appears that mitochondrial biogenesis and increased mitochondrial respiration is likely a general hallmark of stem cell differentiation in adult and embryonic stem cells. Although speculative at this point, a possible explanation is that stem cells are normally maintained in a niche where they are less dependent on functional mitochondria for energy or metabolic intermediates and that mitochondrial mass needs to increase once stem cells start to differentiate.

Despite increased oxygen consumption, ATP levels decreased upon adipogenic differentiation ([Figure 1E](#pone-0077077-g001){ref-type="fig"}). The lower levels of ATP are probably related to increased expression of the uncoupling proteins UCP 1/2/3 ([Figure 3B](#pone-0077077-g003){ref-type="fig"}), which uncouple oxygen consumption from ATP production. We also cannot rule out that adipocytes consume significant amounts of ATP to generate fatty acids and hence have lower steady state levels of ATP. Interestingly, these findings contrast with increased ATP levels during osteogenic differentiation [@pone.0077077-Chen1].

Importantly, upon long term culture, MSCs lose their differentiation capacity in part because of increased ROS formation and decreased anti-oxidant capacity [@pone.0077077-Geissler1] and therefore we only used early passage hMSCs in our studies (passage 4--5).

The methods used to block mitochondrial activity are different for each of the 3 treatments that we used. Rotenone blocks complex I of the electron transport chain, but can have possible toxic side effects. Therefore, we performed a dose-response for rotenone and selected a dose of 100 nM because it is well tolerated during long term culture and does not lead to cell death or decreased ATP levels ([Figure 5D](#pone-0077077-g005){ref-type="fig"}). Hypoxia blocks the conversion of pyruvate into acetyl-CoA by inhibiting PDH [@pone.0077077-Kim1]. A recent publication has shown that hypoxia (1% oxygen) impairs osteogenic differentiation of hMSCs [@pone.0077077-Hsu1], which is in line with our findings of hypoxia reducing adipogenic differentiation of hMSCs ([Figure S2](#pone.0077077.s002){ref-type="supplementary-material"}). Hypoxia leads to the regulation of many genes and therefore is not a specific inhibitor of mitochondrial function. In contrast, TFAM is a transcription factor that binds to the mitochondrial genome and can induce replication of the mitochondrial genome and is essential for increasing mitochondrial gene expression. TFAM protein expression is increased with hMSC adipogenic differentiation ([Figure 6A](#pone-0077077-g006){ref-type="fig"}), suggesting that the observed increase in mitochondrial mass during differentiation was indeed a result of increased biogenesis and not just due to reduced mitochondrial degradation. Combined, our 3 approaches to inhibit mitochondrial function make a strong case that increased mitochondrial function is necessary for successful adipogenic differentiation of hMSCs.

Mitochondria generate ATP, contain enzymes for the Krebs cycle and are an important source of ROS and it is currently not clear whether a specific mitochondrial function is essential for adipogenic differentiation. Nevertheless, our current experiments show that upon differentiation, mitochondrial redox status becomes more reduced ([Figure 4A](#pone-0077077-g004){ref-type="fig"}) while catalase and superoxide dismutase 2 levels are increased ([Figure 4C](#pone-0077077-g004){ref-type="fig"}), suggesting that an increase in ROS is not necessary for differentiation to occur. In fact, increased ROS levels in MSCs have been associated with reduced adipogenic differentiation potential [@pone.0077077-Geissler1].

In our study, we decided to focus on adipogenic differentiation of hMSCs, but other studies have found similar results in osteogenic differentiation. For example, during osteogenic differentiation a similar shift from glycolysis to aerobic metabolism occurs which is in line with our findings [@pone.0077077-Chen1]. Moreover, increased mitochondrial biogenesis and catalase/SOD2 upregulation were also observed during osteogenic differentiation [@pone.0077077-Chen1]. A high mitochondrial membrane potential is associated with better osteogenic differentiation potential of hMSCs, suggesting that having functional mitochondria is a prerequisite for efficient osteogenic differentiation [@pone.0077077-Pietila1]. However, in our manuscript, we show for the first time that metabolic changes and upregulation of mitochondrial proteins occurs during adipogenic differentiation. Moreover, we have directly addressed the importance of mitochondria in the differentiation process by using 3 complementary and specific approaches to inhibit mitochondrial function.

An important characteristic of MSC based therapies is that some of their therapeutic benefits depend on the release of beneficial paracrine factors by undifferentiated MSCs [@pone.0077077-Psaltis1]. Maintaining the undifferentiated MSC state following transplantation and avoiding the differentiation into undesired lineages such as the formation of adipose cells in the heart may be necessary. Our findings would suggest that targeted inhibition of mitochondria could help maintain the undifferentiated state for such paracrine therapies.

The inhibitory effect of hypoxia on adipogenic differentiation may also help explain the high-altitude weight loss that has been observed in obese humans [@pone.0077077-Lippl1]. Although subcutaneous or abdominal adipocytes in obesity are formed from pre-adipocytes and not from bone marrow MSCs, it is likely that the mechanisms we observed in adipogenic differentiation of MSCs are also critical for adipogenesis in obesity. Being able to manipulate the formation of adipocytes by specifically suppressing mitochondrial respiration may be an important therapeutic approach that could be explored as a treatment for obesity.

Limitations {#s5}
===========

Our findings demonstrate that mitochondrial metabolism is required for adipogenic differentiation, but additional work is needed to identify specific molecular mechanisms by which mitochondrial respiration affects adipogenesis. A previous study suggested that the release of mitochondrial ROS may be required for adipogenic differentiation of MSCs [@pone.0077077-Tormos1], however we did not observe any significant increase in ROS during differentiation. If anything, our results showed a marked increase in the anti-oxidant defense enzymes catalase and SOD2 and an overall reduction in the mitochondrial redox status. One potential explanation to reconcile our findings and the previous work [@pone.0077077-Tormos1] is that mitochondrial ROS may be released early on in the differentiation process and that when we assessed the redox state (day 7 of differentiation), differentiating cells had already responded to the mitochondrial ROS by increasing antioxidant enzyme expression.

Conclusions {#s6}
===========

Collectively, our present study indicates that mitochondrial biogenesis and metabolism are necessary for the adipogenic differentiation of human MSCs. This points to the important active role that mitochondrial metabolism plays in the differentiation of adult stem cells [@pone.0077077-Rehman2] and that metabolic cues or metabolic niches are perhaps as critical for successful stem cell differentiation as commonly used differentiation cues, such as growth factors.

Supporting Information {#s7}
======================

###### 

**Pyruvate dehydrogenase (PDH) is increased upon adipogenic differentiation.** PDH immunocytochemistry showed that differentiated cells have a higher content of PDH compared to undifferentiated hMSCs.

(TIF)

###### 

Click here for additional data file.

###### 

**Hypoxia exposure can inhibit adipogenic differentiation of hMSCs.** **A)** Hypoxia is a potent suppressor of mitochondrial oxidation. To evaluate the effect of hypoxia on hMSC differentiation, we first confirmed that 1% O~2~ was adequate to activate hypoxia inducible factor 1-alpha (HIF1α) in hMSCs. **B--C)** We then studied the effect of chronic hypoxia on adipogenic differentiation in hMSCs. As determined by both Oil Red O staining (Panel B) and gene expression analysis (Panel C), hypoxia was a potent suppressor of adipogenic differentiation.

(TIF)

###### 

Click here for additional data file.

###### 

Primer sequences used for real-time RT-PCR.

(DOC)

###### 

Click here for additional data file.
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